Background: The main goal of this randomized controlled single-blinded pilot study was to study whether, independent of weight loss, a Palaeolithic-type diet alters characteristics of the metabolic syndrome. Next we searched for outcome variables that might become favourably influenced by a Paleolithic-type diet and may provide new insights in the pathophysiological mechanisms underlying the metabolic syndrome. In addition, more information on feasibility and designing an innovative dietary research program on the basis of a Palaeolithic-type diet was obtained. Methods: Thirty-four subjects, with at least two characteristics of the metabolic syndrome, were randomized to a two weeks Palaeolithic-type diet (n = 18) or an isoenergetic healthy reference diet, based on the guidelines of the Dutch Health Council (n = 14). Thirty-two subjects completed the study. Measures were taken to keep bodyweight stable. As primary outcomes oral glucose tolerance and characteristics of the metabolic syndrome (abdominal circumference, blood pressure, glucose, lipids) were measured. Secondary outcomes were intestinal permeability, inflammation and salivary cortisol. Data were collected at baseline and after the intervention.
Background
The metabolic syndrome (MetS) is a clustering of symptoms that usually derive from a combination of over nutrition and a sedentary lifestyle [1] . Because of the worldwide rapidly increasing prevalence of the MetS and its high risk of progression to type 2 diabetes mellitus (DM2) [2, 3] and cardiovascular disease (CVD) [4] , preventive measures are urgently needed. Lifestyleinduced insulin resistance and chronic systemic low grade inflammation may be central in the pathophysiological cascade towards the MetS [5] . Although dietary management and lifestyle modifications are the cornerstones in the treatment and prevention of metabolic disorders, specific guidelines for the MetS have not yet been established. There is considerable evidence that the dietary composition may favourably affect the components of the MetS. Various authors have pointed at the discordance between our contemporary diet and that of our Palaeolithic ancestors, which has shaped our core metabolism and physiology during the past 2.5 million years. Evolution predicts that such diets may also be optimal for prevention and treatment of metabolic disorders associated with obesity, DM2, CVD and insulin resistance [6] [7] [8] [9] [10] [11] [12] [13] . Previously reported studies with Palaeolithic-type diets were conducted with healthy subjects [14, 15] or patients with CVD [16] , DM2 [17] or obesity [18, 19] . There are no studies on the effects of a Palaeolithic-type diet targeting subjects with the MetS. The conducted trials showed that Palaeolithic-type diets may effectively lower bodyweight, waist circumference and BP [14] , lower serum lipids [18] and improve insulin response in healthy volunteers within less than three weeks [15] . A major limitation of these three studies was the lack of a reference group. Controlled studies in patients with ischaemic heart disease [16] , DM2 [17] or obese postmenopausal women [19] , without correction for possible weight loss, showed a larger improvement of various CVD risk factors after consuming a Palaeolithic-type diet. Consequently, it is uncertain whether any of the positive health effects in these studies could also be on account of the accompanying weight loss as opposed to the composition of the Palaeolithic-type diet per se.
The main goal of the current pilot study was to compare metabolic effects of a Palaeolithic-type diet with those of a healthy reference diet, independent of weight loss, in subjects with the MetS. Next we studied outcome variables that might become favourably influenced by a Palaeolithic-type diet, and thereby provide new insights into the pathophysiological mechanisms underlying the MetS and CVD. The third goal was to obtain more information on feasibility and how to design and develop an innovative dietary research program on the basis of a Palaeolithic-type diet.
Methods

Study design
This was a stratified (men/women), randomized controlled single-blinded pilot study conducted in the Netherlands. Subjects with characteristics of the MetS were randomized to a two weeks dietary intervention with either a Palaeolithic-type diet or a healthy reference diet. Emphasis was put on the prevention of weight loss during the intervention. The study took place at the Louis Bolk Institute in Driebergen, the Netherlands, in October-December 2011. Laboratory measurements were performed in the Diakonessenhuis, Zeist, the Netherlands.
Subjects
Eligible subjects were 18-70 years old adults who gave written consent and had at least two of the following characteristics of the MetS [20]: 1. Central obesity (waist circumference ≥102 cm for men and ≥88 cm for women) 2. Elevated triglycerides ≥1.7 mmol/l 3. Reduced HDLcholesterol <1.0 mmol/l for men and <1.3 mmol/l for women) 4. Raised BP ≥130/85 mmHg or BP medication and 5. Elevated fasting plasma glucose ≥5.6 mmol/l. Exclusion criteria were DM2, CVD, smoking, systolic BP > 180 mmHg, hypoglycaemic medication, pregnancy and severe internal or psychiatric disease. The study was approved by the Medical Ethics Committee Wageningen University and conducted according to the principles expressed in the Declaration of Helsinki.
Study settings
Subjects were recruited in September-October 2011 through advertisements in local newspapers and posters in primary health care units. After telephone contact a first selection was made and subjects were enrolled during a screening visit by the research physician. It was not known to the subjects whether any of the diets would be superior to the other (single-blinded). After randomization, subjects of the different diet groups could not communicate with each other. Before and directly after the intervention period subjects visited the Diakonessenhuis in Zeist for physical measurements, OGTT and blood sampling. All meals were delivered at their homes free of charge by a catering service.
Dietary interventions
The Palaeolithic-type diet intervention was based on anthropological Palaeolithic research [21, 22] with a concern for feasibility in modern times. It was based on lean meat, fish, fruit, leafy and cruciferous vegetables, root vegetables, eggs and nuts. Dairy products, cereal grains, legumes, refined fats, extra salt and sugar were not part of it. The reference diet was based on the guidelines for a healthy diet of the Dutch Health Council [23] [24] [25] [26] [27] [28] [29] [30] [31] . Both diets were designed as seven consecutive daily menus (breakfast, lunch, dinner and snacks) and provided on the basis of an isoenergetic intake of 8 700 kJ. Although coffee and tea were not part of a Palaeolithic-type diet, subjects were allowed to drink, in view of possible withdrawal symptoms, up to two cups of coffee or black tea per day. Any medication was continued at the same dosages. Additional detailed information on the two diets is summarized in Table 1 .
Prevention of weight loss
Before the intervention all subjects recorded their usual diet using a food record diary. This diary was used by the dietician to adjust diets to individual energy demand by providing (additional) program-related snacks to prevent weight loss within the intervention period. Bodyweight was measured every second day. A daily bodyweight fluctuation of 2 kg was considered acceptable. Next to keeping bodyweight stable, importance was emphasized of keeping their usual exercise level during the intervention.
Compliance
To ensure compliance to the intervention, all subjects were requested to keep records of the food consumed. In addition, each subject was encouraged every other day by telephonic contact with their personal coach to complete all meals and to discuss their progress, bodyweight fluctuation, possible physical and psychological discomforts or adverse events. A total of six personal coaches (each coaching 5-6 subjects) were involved during the study, who could be reached by the subjects for any questions concerning catering, daily recording or measurements.
Outcomes
Primary endpoints were glucose tolerance measured by the oral glucose tolerance test (OGTT) [32] and the characteristics of the MetS (waist circumference, systolic/diastolic BP, lipids, fasting glucose). Additional analyses comprised intestinal permeability, inflammation parameters (hsCRP, TNFα) and a stress parameter (salivary cortisol). Tolerability was measured by analysing the adverse events reported during the study and by performing blood tests for haematological indices and liver and kidney functions.
Measurements
Systolic and diastolic BP, from which the mean values were calculated, were measured twice after at least 10 min of sitting using an automated BP measuring device (OMRON M6 Comfort, OMRON Healthcare Co. Ltd.). Bodyweight was measured using a digital Seca 803 scale. For the OGTT subjects ingested a solution containing a 75 g glucose load. Plasma glucose and insulin concentrations were measured at 0 (baseline), 30, 60 and 120 min after ingestion. AUCs for glucose and insulin were calculated using the trapezoidal method. In addition HOMA IR and the ratio between triglycerides and HDL-cholesterol were determined as measures of insulin sensitivity. Urine was collected for assessment of intestinal permeability, which was measured using the differential sugar absorption test (DSAT). After an overnight fast, the subjects ingested a test solution containing 5 g lactulose, 2 g mannitol and 5 g D-xylose in 100 ml water. All urine portions passed in the subsequent five hours were collected in a plastic container containing 0.5 ml 20% chlorhexidine as a preservative. Results were expressed as the urinary lactulose:mannitol ratio. Saliva was collected by Salivette® devices for assessment of the diurnal cortisol slope. Subjects had to chew on the cotton swab for 30-60 seconds. Sampling was performed at wake time, 30-40 minutes after waking (peak time), 17.00 h and bedtime [33] . A flattening slope of the diurnal cortisol curve is related to lowgrade inflammation, insulin resistance and the MetS [34] [35] [36] . At the end of the intervention, an evaluation form on feasibility and motivational aspects was filled out by all subjects.
Statistical methods
For this pilot design a sample size of 15 subjects per group was estimated to be sufficient, because in previous studies with Palaeolithic-type diets [15, 21] the same number of subjects showed positive changes in BP, glucose tolerance, lipids and inflammation parameters within two weeks. To allow for an estimated 20% drop out, the total number of subjects was set at 36. Subjects were stratified into two groups according to gender and subsequently randomized using separate randomization lists as generated by the Random Allocation Software Program employing a random block size of 6 to 43 subjects were assessed for eligibility 34 underwent randomisation 5 did not meet all inclusion/exclusion criteria 2 had logistic reasons 1 had a food allergy 1 choose to join an other lifestyle program 18 were assigned to the Palaeolithic-type diet 16 were assigned to the reference diet 2 were lost to follow-up None were lost to follow-up 16 were included in the 'intention-to-treat' analyses 14 were included in the 'perprotocol' analyses 18 were included in the 'intention-to-treat' analyses 142 subjects were interested to participate in the study 34 lost interest after full study information 23 had medical conditions not allowed by the exclusion criteria (DM2, cancer) 24 had logistic reasons 10 did not fulfil the criteria for the MetS 2 were too old 4 were smokers 2 were vegetarians guarantee balanced allocation. The study monitor generated the random allocation sequence and assigned subjects to interventions. Descriptive statistics were calculated with regard to demographical and categorical data and mean scores and SDs of the numerical variables using SPSS (version 17.0). Evaluation occurred according to intention-to-treat. Mixed models were used to analyse between groups. This model included intervention, gender, intervention by gender, baseline BMI and the baseline value of the specific outcome variable as fixed effects, the intercept and subjects identification number as random effects. Pair wise comparisons between the two diets were made using the adjusted data. For these differences 95% confidence intervals were calculated. Two-way paired t-tests were used to analyse withinsubject changes per group according to per-protocol.
Results
The courses of inclusion and exclusion are shown in Figure 1 . A total of 34 subjects were randomized: 18 were allocated to the Palaeolithic group and 16 to the reference group. Two subjects (2/16; 12.5%) dropped out from the reference group for personal reasons. There were only a few at random missing cortisol data, attributable to some subjects who forgot to take a saliva sample. Tables 2, 3 and 4 show the baseline demographic and clinical characteristics of all subjects. Baseline data differed between both groups for BMI and number of characteristics of the MetS. No differences were found for coffee, tea and alcohol consumption, or the amount of exercise and stress factors between the intervention groups. All outcome variables exhibited normal distributions.
Baseline data
Exception was the diurnal slope of cortisol showing a skewed distribution.
Outcomes and estimation
Study subjects were 9 men and 25 women with an average age of 53.5 (SD9.7) years, a mean BMI of 31.8 (SD5.7) and an average number of 3.2 (SD1.3) characteristics of the MetS. Compared to reference, the Palaeolithic group, had lower mean systolic BP (−9.1 mmHg; P = 0.015), diastolic BP (−5.2 mmHg; P = 0.038), total cholesterol (−0.52 mmol/l; P = 0.037) and triglycerides (−0.89 mmol/l; P = 0.001) and a higher mean HDL-cholesterol (+0.15 mmol/l; P = 0.013). For detailed results see Tables 3 and 4 . The number of characteristics of the MetS decreased upon the Palaeolithic-type diet (−1.07 characteristics; P = 0.010) compared to reference, resulting in less subjects with the actual MetS according to the definition of the MetS [20] after the intervention. There was a tendency for a larger decrease of AUC insulin in the Palaeolithic group (−1 918 mU/l x min versus +362 mU/l x min in the reference group; P = 0.051) using two-tailed unpaired t-tests, however this difference did not remain when adjusted for baseline BMI. In both groups change was observed in waist circumference (Palaeolithic: −3.1 cm; reference: −3.3 cm), fasting glucose (Palaeolithic: −0.9 mmol/l; reference: −0.35 mmol/l) and the ratio between urinary sodium and potassium (Palaeolithic: −1.1; reference: −0.57), however no differences were seen between both groups. Fasting plasma insulin (−2.7 mU/l) and HOMA IR (−0.9) only decreased in the Palaeolithic group (Table 5 ). The ratio between total cholesterol and HDL-cholesterol (−1.16 mol/mol; P = 0.003) and the ratio between triglycerides and HDLcholesterol (−0.91 mol/mol; P = 0.0001) were lowered in the Palaeolithic group compared to reference. Among tolerability outcomes the white blood cell count and γ-glutamyltransferase showed a decline in favour of the Palaeolithic group. Urine analysis showed lower values of magnesium and calcium in the Palaeolithic group compared to reference. Other secondary outcome parameters showed no changes.
In line with the protocol, we took efforts to keep bodyweight stable. For nine subjects extra diet-related snacks were necessary due to over 2 kg weight loss, without being hungry (seven in the Palaeolithic group = 38% versus two in the reference group = 14%). Hunger was reported once by three subjects in the Palaeolithic group at the start of the intervention. According to food diaries and coach reports, all subjects were able to complete their dietary programs. At the end of the intervention bodyweight was nevertheless decreased in the Palaeolithic group compared to reference (−1.32 kg; P = 0.012). After adding this (unintended) weight loss as a separate fixed effect in a post-hoc analysis we found that favourable effects remained for systolic BP, HDL-cholesterol, triglycerides, the ratio between triglycerides and HDLcholesterol, the ratio between total cholesterol and HDL-cholesterol and the number of characteristics of the MetS (Table 6 ).
Adverse events
One subject in the reference group reported a moderate adverse event (nausea and diarrhoea) during the intervention which was not likely related to the intervention. Blood analysis concerning haematology and liver and kidney function showed no changes in relation to adverse events (Table 4 ).
Discussion
This is the first controlled study on the influence of a Palaeolithic-type diet in subjects with characteristics of the MetS. Over a two week period we found favourable changes in most characteristics of the MetS: a lowering of BP, a change in lipid spectrum and a tendency to higher insulin sensitivity. Despite efforts to keep bodyweight stable, more weight loss was observed in the Palaeolithic group, which is an important outcome of our study. Nevertheless, favourable effects remained after adding weight loss as a separate fixed effect in a post-hoc analysis. No changes were found in specific inflammation parameters, intestinal permeability and the diurnal cortisol slope, possibly explained by the short duration of the dietary intervention or its constant bodyweight design. Indicators for new insights in the pathophysiological mechanisms underlying the MetS and CVD could possibly be found in the lowering effect on white blood cell count and lower levels of urinary calcium and magnesium. The generalizability of this study might be high, because of the broad inclusion criteria, men and women with diverse combinations and characteristics of the MetS.
Interpretation
Our results are in line with results from earlier research in related target groups. We found a lowering of systolic and diastolic BP, where in uncontrolled studies with healthy volunteers [14, 15] as well as in controlled studies with diabetic patients [17] lowering of BP has also been reported. Contrarily, BP lowering was not observed in controlled studies concerning patients with ischaemic disease [16] and obese postmenopausal women [19] . With respect to lipids, we found positive changes in total cholesterol, triglycerides and HDL-cholesterol in favour of the Palaeolithic group. Previous research also reported positive changes in lipid profile in healthy subjects, diabetic patients or obese women [15, [17] [18] [19] . In our study, the ratio between total cholesterol and HDL-cholesterol, which is an important risk factor for CVD employed in clinical practice, was also lowered in the Palaeolithic group compared to reference. In addition, the ratio between triglycerides and HDL-cholesterol, a proxy for insulin resistance, was lowered in the Palaeolithic group compared to reference. Regarding glucose tolerance we did not find significant changes in our study. There was, however, a tendency for a larger decrease of AUC insulin and HOMA IR in the Palaeolithic group. In contrast to our results, glucose tolerance improved within 10-17 days in healthy subjects after a Palaeolithic diet in an uncontrolled study [15] , as well as in a controlled study of longer duration (3 months) in patients with ischemic heart disease [16] . In our study we found for both groups a decrease in abdominal circumference of approx. 3 cm, but not as a specific effect of the Palaeolithic-type diet. Earlier findings in 3 months [16, 17] and 6 months [19] controlled studies did report change in abdominal circumference in favour of the Palaeolithic-type diet, in patients with ischemic disease and DM2 [16, 17] or obese postmenopausal women [19] . Also other lowcarbohydrate, high-protein or Mediterranean diets have demonstrated to be effective in improving various markers of cardiovascular risk in diabetic patients [37] . Unique for our study was the attempt to find these favourable effects independently from the factor of weight loss. Another notable observation was that characteristics of the MetS can be reduced within a short period in people with cardiovascular risk. A frequently expressed critique on Palaeolithic-type diets is related to their low calcium content. In our study there was indeed a 50% lower calcium intake compared to the reference diet (Table 1 ). However, due to higher dietary magnesium intake compared to reference and compensation by lower urinary calcium and magnesium excretion, calcium homeostasis was unlikely to have become compromised.
Course of study and feasibility
Home catering with frequent coaching was a satisfactory method to monitor the intake and whereabouts of the subjects. Subjects remained motivated and were coached to consume the prescribed food. Problems could be solved adequately resulting in few drop-outs and missing data. Nevertheless, we experienced that delivering fresh foods in time across a wide region of the Netherlands was a logistical challenge. For follow-up studies, attention to catering aspects is of utmost importance. The experienced difficulties in maintaining bodyweight could be part of the positive effects of a Palaeolithic-type diet. Jönsson et al. [38, 39] reported that a Palaeolithic diet is more satiating per calorie than a Mediterranean-like diet. The composition of a diet is likely to be an important factor in satiety and bodyweight management. It has been reported that a high protein content of a diet can increase satiety and weight loss [40, 41] . What aspects of a Palaeolithic-type diet are important in this sense is yet unclear. Spreadbury et al. [42] reported that consuming a diet of grain-free whole foods may stimulate gastrointestinal microbiota more consistent with our evolutionary background. All of these factors might explain the apparent favourable effects of the modern "Palaeolithic" diets on satiety and metabolic health.
Limitations
It can be argued that a two weeks dietary intervention is too short to realize stable effects. Short term positive effects are followed by relapse in many dietary interventions. In our study comparison was made with a single blinded reference diet, rendering our results specific for the Palaeolithictype diet per se. Importantly, after two weeks 89% of the Palaeolithic group and 64% of the reference group were still motivated to continue their dietary regimes. It will consequently be of utmost importance to study the longer term effects, as Mellberg et al. [19] have reported a significant decrease in body weight, fat mass and waist circumference after 6 months, not sustained after 24 months of a Palaeolithic-type diet compared to a reference diet in obese postmenopausal women. Specific aspects of the MetS, as glucose tolerance and probably also other characteristics, might become phenotypically apparent in the longer run, while even greater effects might be seen by allowing ad libitum consumption. Table 6 Post-hoc analysis: differences without and with weight loss added to the model 
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Abbreviations: TG triglycerides, HDL-C HDL-cholesterol, TC total cholesterol, LDL-C LDL-cholesterol. Adjusted differences after the intervention between both diets without and with weight loss added to the model. a Difference = Palaeolithic-type dietreference diet (with 95% CI).
b P values between the two intervention groups after the intervention. c Adjusted difference = Palaeolithic-type dietreference diet (with 95% CI), percentage weight loss added to the model as fixed effect.
